A method was developed to measure gaseous oxidized mercury (GOM) air-surface exchange 10 using 2 replicated dynamic flux chambers (DFCs) in conjunction with cation exchange 11 membrane (CEM) filters. The experimental design and method was developed and tested in a 12 laboratory setting, using materials collected from industrial scale open pit gold mines in central 13 Nevada, USA. Materials used included waste rock, heap leach ore, and tailings, with substrate 14 concentrations ranging from 0.1 to 40 g g 
Introduction 26
On 16 August 2017, the United Nations Environment Program (UNEP) Minamata Convention 27 came into force with a mission to protect human health and the environment from exposure to 28 the toxic effects of mercury (Hg) and its various compounds (UNEP, 2013). The Convention 29
proposes to fulfill this mission through a strategy of globally coordinated scientific research, and continue at large scales and in possibly unexpected directions, driven by processes and 38 mechanisms that are not fully understood, and susceptible to increasing human and climate 39 perturbations (Obrist et al., 2018) . 40
The atmosphere, a global common, is the dominant conduit for transport, transformation, 41 emission, deposition, and re-emission of Hg and Hg compounds amongst Earth's ecosystems. 42
Mercury in the atmosphere is classified on the basis of three physiochemical forms: gaseous 43 elemental mercury (GEM), gaseous oxidized mercury (GOM), and particulate bound mercury 44 (PBM), with PBM and GOM defined together as reactive mercury (RM = GOM + PBM) (Gustin 45 et al., 2015) . Atmospheric concentrations of GEM can be measured with well calibrated 46 analytical instruments, whereas the quantification of GOM and PBM has depended on 47 operationally defined methods with demonstrably large uncertainty (Cheng and Zhang, 2017 ; 48 Fluxes of total gaseous mercury (TGM) and GEM have been successfully measured in many 64 environments, providing insights into air-surface exchange that is critical for understanding 65 biogeochemical cycling of GEM (Yannick et al., 2016; Zhu et al., 2016) . In contrast, there are 66 few direct measurements of GOM air-surface exchange (Zhang et al., 2009 In this study, we developed and applied a novel experimental approach for direct measurement 80 of GOM fluxes using cation exchange membrane (CEM) filters. CEM filters have been 81 successfully deployed to measure GOM in ambient air in previous studies (Gustin et their use here was modified to allow for the determination of GOM air-surface exchange. A 84 recent study (Miller et al., 2018) and ongoing work (unpublished data) have demonstrated that 85 GEM is not collected by the CEM and it efficiently collects a variety of GOM compounds. Here 86 is described a series of experiments that were conducted to optimize the CEM/GOM flux 87 methodology, and then, the resulting method was subsequently applied to determine fluxes over 88 both background waste rock material and Hg enriched mining materials. Our research 89 hypothesis was the system developed would provide a means of determining if GOM is 90 terms of not disturbing the substrate being studied. With low velocity, non-turbulent flow, 161 particle entrainment from the substrate surfaces is not expected, especially for particle sizes 162 greater than the CEM filter pore size of 0.8 m. 163
Analyses 164
After flux measurements, CEM filters were collected into sterile 50 mL polypropylene centrifuge 165 tubes, and frozen at -20 °C until analyses (within 14 days of collection). Filters were analyzed for 166 total Hg by aqueous digestion and cold vapor atomic fluorescence spectrometry (CVAFS, EPA 167
Method 1631, Rev. E) using a Tekran 2600 system, with total Hg operationally equivalent to 168 total GOM. The blank Hg mass that can be expected on an unused CEM filter (median = 68 pg, n 169 = 56) was determined from clean filters collected with every set of measurements, and the 170 median blank value was subtracted from all sample values. Breakthrough is defined as the 171 amount of Hg on the secondary filter as a percent of the total Hg collected on both filters (after 172 blank correction), and overall median breakthrough was low (4.2%, n = 222). . 179
The GOM flux detection limit was determined by the minimum statistically resolvable difference 180 between Co and Ci, i.e. the smallest meaningful ΔCGOM that could be measured (Fig. 3) . The Co 181
and Ci concentrations were based on two measurements: total Hg on the CEM filters as 182 determined by analysis on the Tekran ® 2600 system, and total sample volume as determined by 183 the mass flow-controlled sample rate and time. The MFC precision was ± 0.5% (± 0.005 Lpm at 184 1.0 Lpm) and the detection limit of the 2600 was 1 ppt, or ~ 53 pg per reagent blank in a clean 50 185 mL collection tube. The median mass of Hg on the blank CEM filters was 68 pg and was used as 186 the practical detection limit for the method. As the distribution of CEM blank values was non-187 normal and skewed heavily to the right (Fig. 3a) , the 95% confidence interval around the median 188 (58 -73 pg) was used to define a minimum detectable GOM concentration (Fig. 3b) . For 189 example, in a 24 h sample, the minimum detectable GOM concentration would be ~ 3.5 pg m 
Development of the method 216
Two Tekran ® 2537A analyzers with associated GOM filter systems were used to simultaneously 217 measure flux from two replicate trays (one for each A and B system) of each sample material. 218
The duplicated systems allowed a total of four GOM flux measurements to be collected each 219 time a material was tested, two from the Tekran ® sample lines and two from the external pump 220 lines. The intention of the duplicate systems was to evaluate consistency and repeatability of the 221 measurements. However, during the initial method testing it became apparent that the position of 222 the trays and the inlet sample lines was an important variable. For example, strong GOM 223 emission from an "upwind" tray could substantially increase the inlet GOM concentration of the 224 "downwind" tray, resulting in a negative ΔCGOM and apparent deposition. Such contradictory 225 results compelled us to test a variety of orientations for the two systems. The best results were 226 achieved in the final design by placing both trays all the way against the intake wall of the 227 greenhouse bay, and separating them laterally by 1.5 m, with all equipment located downwind. 228
This configuration provided the most uniform inlet air concentrations for both systems. 229
Limitations of method 230
The use of filter membranes in conjunction with a DFC to measure GOM flux has several 231 limitations. Given the low concentrations of GOM, a relatively long sampling time of at least 24 232 h is required to capture a sufficient mass for quantification on low Hg containing substrates. (Fig. 4) . 261
The mean relative percent difference (RPD) of GOM flux measured between Pump and Tekran 262 sample lines on the same tray was 6.5  3.9%, and mean RPD between trays was 21.4%. These 263 replicate measurements of a single material consistently showed the same direction and 264 magnitude of GOM flux with good agreement. 
). 269
Measurement time was reduced to 48 h for this series of materials, as the previous deployments 270 had total GOM loading well above detection. However, several of the LTL and TCC flux 271 measurements resulted in insignificant ΔCGOM values (Fig. 5) . In these cases, GOM flux could 272 not be discriminated, and these values were excluded from subsequent analysis. (Fig. 6 ) that indicates 275 that CEM filters on two independent flow channels were capturing equivalent amounts of GOM. 276
This equivalency was true for both of the replicate systems (System A and B) that were each 277 simultaneously measuring flux from replicate trays of the same material. The high level of 278 replication displayed by the system, both in general and in detail, for multiple substrate types, 279 increases confidence that these measurements represent a real net surface exchange of GOM. 280
Positive GOM fluxes were associated with the higher substrate concentration materials (TCL, 281 TCT). The low Hg TCC experienced net GOM deposition, with a mean Vd of 0.03 ± 0.01 cm s (n = 16), much lower than in the summer months. Mean RH and 294 solar radiation were similar between the summer and winter periods, due to the attenuating effect 295 of the greenhouse. However, mean air and substrate temperatures were significantly lower in the 296 winter (Table 1) . 297
All measured fluxes were above the ΔCGOM detection limit (Fig. 7a) . The relationship between 298 GOM flux measured on the A and B systems was slightly less than 1:1 (B = 0.87*A) and not as 299 fluxes were uniformly negative for all materials except the very high Hg TCT (Fig. 7b, orange  301 shades). However, with the chamber blank correction applied, GOM flux from the cap materials 302 became ambiguous (i.e. both deposition and emission observed) and positive for all leach and 303 tailings materials except the LTT (Fig. 7c, green shades) . ), the surface was old, and it is possible this material behaved more as a 313 background substrate. The TCT material was collected from an actively filling tailings 314 impoundment that collected process waste from a variety of ore types, from multiple mine sites, 315 and had the highest Hg concentration of the materials used in this study, which likely explains its 316 tendency to by a strong emitter of both GEM and GOM, a conclusion also made by Eckley et al. 317 (2011a) . 318
An interesting point is that background (2 m and inlet GOM concentrations were very similar 319 during the summer measurements (Fig. 8a) , but inlet concentrations were 3x higher than 320 background during the winter measurements (Fig. 8b) . The lower winter background GOM (50 321 ) may partially explain this, however the distance 322 between the inlet and background sampling heights was only ~ 1 m, which implies a strong 323 vertical gradient in GOM concentration in the greenhouse air. The explanation for this is less 324 well mixed air in the greenhouse bay during the winter, as the greenhouse circulation was shut 325 down at temperatures approaching 13 °C, setting up stratified conditions. The relatively high 326 inlet level GOM concentrations during the winter also caused the higher deposition observed in 327 the chamber blank measurements during this time. 328
Conclusions 329
This study presents direct GOM flux measurements using a CEM filter technique and provides 330 an analysis of whether the necessary measurements of small differences in GOM concentration 331 were possible using a DFC method. Measurements of GOM flux were above calculated 332 detection limits in most cases, and both intra-(Tekran vs Pump sample) and inter-(A vs B) 333 system replicate measurements showed very good agreement. After initial trials at 72 h and 48 h, 334 a 24 h sample time was found to be generally sufficient for detecting GOM flux on the mining 335 materials used in this study, some of which were similar to background soils. It would be 336 possible to operate the system at higher flow rates, to decrease sample time and improve the 337 temporal resolution of the flux measurements. However, sample deployment and collection 338 require 20-30 min and to some extent perturbs the system, so ultimately the flux resolution is 339 limited by practical operational constraints. The 24 h measurement at least serves to capture net 340 flux over a full diel cycle without continuous interruptions. 341
We specifically refer to our measurement as GOM. This is because particulate Hg is not emitted 342 from a surface in the volatile sense, and particle entrainment was negligible at the low flow 343 velocities generated in the flux chambers. Thus GOM concentrations measured at the chamber 344 outlet CEM filters are dominated by GOM. If ambient air GOM concentrations were primarily 345 PBM, at a size fraction large enough to be captured by the CEM filters (i.e. > 0.8 m), it will 346 undeniably be captured at the chamber inlet filters. However, PBM at this size would likely 347 deposit to the substrate surface within the chamber, thus deposition is GOM loading on the Co 348 filters versus the Ci filters. 349
Here we have demonstrated that GOM can be deposited and emitted from a surface. It is unlikely 350 GOM was produced by oxidation of GEM given short time of air moving through the chamber 351 and the fact that strong oxidants were likely removed as air moved through air handlers into the 352 greenhouse. This is a unique scientific finding. Flux measured from low Hg, non-mineralized 353 cap materials for both GEM and GOM were low positive and negative values oscillating around 354 a net zero flux (Table 1) 
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Note TCT data not graphed, as fluxes were an order of magnitude higher and skew the regression r 2 towards 1. 
